There is ever an increasing demand by environmental scientists for rapid analytical procedures that can determine the chemical forms of essential and toxic elements in biological and environmental samples. Chromium speciation in environmental samples is of interest, because its toxicity to aquatic and terrestrial organisms, including humans, depends on its oxidation state. Chromium(VI) is reported to be toxic to humans at relatively low levels. 1 Chromium(III) is considered to be essential for mammals for the maintenance of glucose, lipid, and protein metabolism. 2 Traditional methods for the speciation of inorganic chromium have been studied by various groups, and novel combined procedures based on preliminary, solvent extraction, 3,4 ion exchange 5,6 and coprecipitation 7 have been developed for the differential determination of chromium(III) and chromium(VI). Although many of the above schemes are highly selective and sensitive, the procedures are time consuming and prolonged sample manipulation may disturb the natural chromium speciation state. The use of flow injection (FI) analysis coupled to flame atomic absorption spectrometry (FAAS) has been demonstrated for the rapid speciation of chromium. Sperling et al. determined chromium(III) and chromium(VI) in water using FI-FAAS with selective adsorption on activated alumina. 8 The preconcentrated chromium(III) (pH 7) and chromium(VI) (pH 2) were eluted directly from a microcolumn into a nebulizer with 1.0 mol L -1 nitric acid and 0.5 mol L -1 ammonia, respectively. Gáspár et al. described the possibilities for the simultaneous preconcentration and flame atomic absorption spectrometric determination of chromium(III) and chromium(VI) using a C18 column and sorption loop, and determined chromium(III) and chromium(VI) in various samples by FAAS using the on-line chromatographic separation of chromium(III) and chromium(VI) and the preconcentration of chromium(III) with potassium hydrogenphthalate.
Introduction
There is ever an increasing demand by environmental scientists for rapid analytical procedures that can determine the chemical forms of essential and toxic elements in biological and environmental samples. Chromium speciation in environmental samples is of interest, because its toxicity to aquatic and terrestrial organisms, including humans, depends on its oxidation state. Chromium(VI) is reported to be toxic to humans at relatively low levels. 1 Chromium(III) is considered to be essential for mammals for the maintenance of glucose, lipid, and protein metabolism. 2 Traditional methods for the speciation of inorganic chromium have been studied by various groups, and novel combined procedures based on preliminary, solvent extraction, 3, 4 ion exchange 5, 6 and coprecipitation 7 have been developed for the differential determination of chromium(III) and chromium(VI). Although many of the above schemes are highly selective and sensitive, the procedures are time consuming and prolonged sample manipulation may disturb the natural chromium speciation state. The use of flow injection (FI) analysis coupled to flame atomic absorption spectrometry (FAAS) has been demonstrated for the rapid speciation of chromium. Sperling et al. determined chromium(III) and chromium(VI) in water using FI-FAAS with selective adsorption on activated alumina. 8 The preconcentrated chromium(III) (pH 7) and chromium(VI) (pH 2) were eluted directly from a microcolumn into a nebulizer with 1.0 mol L -1 nitric acid and 0.5 mol L -1 ammonia, respectively. Gáspár et al. described the possibilities for the simultaneous preconcentration and flame atomic absorption spectrometric determination of chromium(III) and chromium(VI) using a C18 column and sorption loop, and determined chromium(III) and chromium(VI) in various samples by FAAS using the on-line chromatographic separation of chromium(III) and chromium(VI) and the preconcentration of chromium(III) with potassium hydrogenphthalate. 9 Jiang et al. determined chromium(III) and chromium(VI) in water by FAAS using flow injection on-line preconcentration and separation with two ion exchange resin microcolumns. However, the sensitivity was only 10.12 µg L -1 for chromium(III) and 14.43 µg L -1 for chromium(VI) (1% absorption and analytical frequency was 18 samples h -1 ). 10 Rychlovsky et al. determined chromium(III) and chromium(VI) in drinking and surface water by FAAS using on-line simultaneous sorption preconcentration on two columns packed with the C18 reverse phase bonded to silica gel. The detection limits of the sorption time (480 s) were 0.2 µg L -1 for chromium(III) and 2.4 µg L -1 for chromium(VI). 11 Derivative FAAS 12 has been described that the sensitivity of the direct determination of trace elements was 5 -50-fold higher than that of conventional FAAS. It was used for the direct determination of trace elements in environmental and biological samples combined with atom trapping [13] [14] [15] and hydride generation 16, 17 with a much higher sensitivity than that of conventional FAAS and HGAAS.
The main purpose of this work was to establish a simple, sensitive and reproducible method for the determination of chromium(III) and chromium(VI). For this purpose, a doublemicrocolumn on-line preconcentration flow injection system was used by combining FAAS with a derivative measurement technique.
The proposed method was applied to the determination of chromium(III) and chromium(VI) in water samples and in a water reference material (GBW08607). A rapid and sensitive method has been proposed for the sequential determination of chromium(III) and total chromium in water samples by flame atomic absorption spectrometry combined with a flow injection on-line preconcentration on a double-microcolumn. The chromium(III) and total chromium in samples were retained on a double-microcolumn with a cation exchange resin, respectively, and eluted directly into a nebulizer by 3 mol L -1 HNO3. The characteristic concentration (gives a derivative absorbance of 0.0044) and the detection limit (3σ) for chromium were 0.512 µg L -1 and 0.647 µg L -1 for a preconcentration time of 1 min, respectively. This is an improvement of 20 and 14-times than those of conventional FI-FAAS. The proposed method allows the determination of chromium in the range of 0 -90 µg L -1 with a relative standard deviation of 3.63% at the 10 µg L -1 level. The method has been applied for the analysis of chromium in reference water of National Research Center for Certified Reference Materials (GBW08607) and other water samples with satisfactory results.
Experimental

Apparatus
A WFX-IF2 atomic absorption spectrometer (Beijing Second Optical Instrument Factory, Beijing, China) equipped with a flow injection on-line preconcentration system was used. A chromium hollow cathode lamp (General Research Institute of Non-Ferrous Metals, Beijing, China) was used at 357.9 nm wavelength with a 1 nm slit width and a 7.5 mA lamp current. An LZ2000 flow injection processor (Zhaofa Institute for Laboratory Automation, Shenyang, China) with a doublemicrocolumn manufactured from Tygon tubing (20 × 3 mm i.d.) packed with 0.1 g of 140 -160 mesh Type-732 strong acidity cation exchange resin (Shijiazhuang Resin Factory, Shijiazhuang, China). The ends of the tube were fitted with cottonwool to retain the resin beads in the tube.
A laboratory-made derivative measurement system was used as an electrical differentiating apparatus. The output signal of the atomic absorption spectrometer was first amplified and then differentiated. The derivative measurement system has five sensitivity grades (2, 5, 10, 20 and 50 mV min -1 ), corresponding to different amounts of amplification. The derivative and conventional atomic absorption signals were recorded simultaneously with a double-pen recorder in the 10 mV range. The measurement system is illustrated in Fig. 1 .
Reagent
Stock solutions (1000 mg L -1
) of chromium(III) and chromium(VI) were prepared from chromium nitrate (Tianjin Chemical Reagents Factory) and potassium dichromate (Tianjin Chemical Reagents Factory), respectively, by dissolving in a 1% nitric acid solution.
A hydroxylammonium chloride solution (0.1 mol L -1
) was prepared by dissolving 3.4745 g of hydroxylammonium chloride in 500 ml sub-boiling distilled water.
All of the reagents used were of at least analytical grade. Subboiling distilled water was used throughout this work.
Procedure
The flow injection manifold for on-line preconcentration and elution are shown in Fig. 2 . The sample (S), the sample with a reductant (S + R) and the eluent solutions were pumped simultaneously. The preconcentration time was usually 1 min. The preconcentration and determination of chromium(III) and the total chromium, including chromium(III) and reduced chromium(VI), were performed sequentially by selecting an appropriate double microcolumn filled with the Type-732 cation exchange resin.
The stage of Fig. 2 (a) illustrates the preconcentration of chromium(III) on the C1 microcolumn; the preconcentrated total chromium was just eluted directly from the C2 microcolumn to FAAS and determined. The stage of Fig. 2 (b) illustrates the situation during the preconcentration of total chromium on the C2 microcolumn; the preconcentrated chromium(III) was just eluted directly from the C1 microcolumn to FAAS. The conventional and derivative signals were recorded simultaneously by a double-pen recorder. The sensitivity grade of 2 mV min -1 was used for derivative signal processing.
Results and Discussion
Optimization of the FI flow rate conditions
High sample-loading flow rates were important for an efficient preconcentration and high sample throughput. In general, the FI sample flow rates were limited by the backpressure produced by the column and/or the sorption efficiency, which decreased with increasing the flow rate. No degradation in the sorption efficiency was observed up to a loading flow rate of 10.0 ml min -1 for 50 µg L -1 chromium(III) at pH 6.0, which is the highest flow rate that can be handled accurately and reproducibly by the peristaltic pump with the type of column used in this work.
The effects of the eluent, the eluent concentrations and the eluent flow-rate on the derivative absorbance of 50 µg L -1 chromium(III) were investigated for nitric acid, hydrochloric acid and sulfuric acid, for the concentration range of 0.5 -3.0 mol L -1 and for a flow-rate range from 2.0 to 10.0 ml min -1 . Nitric acid was found to be optimum for the determination of chromium(III). A 3.0 mol L -1 nitric acid solution and an elution flow rate of 4.0 ml min -1 gave the optimum sensitivity and elution peaks with minimum tailing.
Effect of the reductant concentration and sample acidity
The pH value of the sample was modulated by adding a hydrochloric acid solution for the preconcentration of chromium (III) . No influence of the sample acidity in the range of pH 2.0 -6.5 on the derivative absorbance was observed in the study.
Chromium(VI) was subsequently determined after an appropriate reduction of chromium(VI) to chromium(III) by adding a hydroxylammonium chloride solution as a reductant in the sample. The influence of the reductant concentration on the 590 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 Fig. 1 Derivative measurement system of the atomic absorption signal. FI, flow injection on-line preconcentration system; AAS, atomic absorption spectrometry; DSTS, derivative signal treatment system; DR, double-pen recorder; 1, the absorption signal of conventional on-line preconcentration-FAAS; 2, the absorption signal of on-line preconcentration-FAAS with derivative technique. Fig. 2 Flow injection manifold for the on-line preconcentration of chromium(III) and chromium(VI): (a) preconcentrating chromium(III) and determining total chromium, (b) preconcentrating total chromium and determining chromium(III). V, injection valve; P, peristaltic pump; C1, C2, ion exchange microcolumn; E, eluent; S, sample; R, reductant; W, waste; AAS, atomic absorption spectrometry.
derivative absorbance was investigated. Figure 3 shows that the derivative absorbance depends on the reductant concentration for a chromium(VI) solution at pH 3.0. The derivative absorbance of chromium(VI) of 50 µg L -1 did not increase when the reductant concentration was higher than 2.0 mmol L -1 . A 5 mmol L -1 of a hydroxylammonium chloride solution and pH 3.0 of sample acidity were used in further work.
Effect of the preconcentration time
The efficiency of preconcentration was tested using derivative sensitivity grades of 2, 5 and 10 mV min -1 with different preconcentration times. The results presented in Fig. 4 show that the derivative absorbance depends linearly on the preconcentration time for 50 µg L -1 chromium(III). The derivative absorbances measured at three sensitivity grades with a 1 min of preconcentraion time were 0.432, 0.152 and 0.074, respectively. The results show that the smaller is the number of the derivative sensitivity grade (i.e., the higher the amplification), the higher is the derivative absorption signal with the same solution. The derivative sensitivity grade could be selected based on the concentration of the analyte. For determining the lower chromium concentration, the method can be modified by using a longer proconcentration period at the expense of a reduced sample throughput.
Performance of the on-line preconcentration system with DFAAS
For a The sensitivity for the proposed method was defined as the concentration of the analyte that produces a derivative absorbance of 0.0044, and the relative standard deviation of the three sensitivity grades, based on standard solution concentrations of 10, 30, and 50 µg L -1 chromium(III), were determined, respectively. The sensitivity, detection limit and the precision for chromium(III) with a 1 min preconcentration are listed in Table 1 .
Sample analysis
The results of chromium(III) and chromium(VI) species found in the water reference material (GBW08607) and synthetic water sample are given in Table 2 . The values obtained for chromium(III) and chromium(VI) in the water reference material (GBW08607) and in a spiked water sample were in agreement with the certified and added values. This indicates the accuracy of the proposed method. Table 3 shows that the recoveries obtained by adding varying amounts of a mixture of chromium(III) and chromium(VI) species into water samples were in the range of 93.7 -105%.
Conclusion
The characteristic concentration (gives a derivative absorbance of 0.0044) and the detection limit the routine determination of the speciation of inorganic chromium in environmental water samples without any complicated pretreatment and with the advantages of simplicity, speed, less risk of contamination and less cost. 
